Previous studies have demonstrated a negative correlation between intestinal alkaline phosphatase (IAP) activity and calcium (Ca) absorption in the gut, as IAP acts as a protective mechanism inhibiting high Ca entry into enterocytes, preventing Ca overload. Here we evaluated Ca absorption and bone properties in knockout mice (KO) completely devoid of duodenal IAP (Akp3 −/− mice). Female C57BL/6 control mice (WT, n = 7) and KO mice (n = 10) were used to determine Ca absorption in vivo and by in situ isolated duodenal loops followed by histomorphometric analysis of duodenal villi and crypts. Bone mineral density, morphometry, histomorphometry and trabecular connectivity and biomechanical properties were measured on bones. We observed mild atrophy of the villi with lower absorption surface and a significantly higher Ca uptake in KO mice. While no changes were seen in cortical bone, we found better trabecular connectivity and biomechanical properties in the femurs of KO mice compared to WT mice. Our data indicate that IAP KO mice display higher intestinal Ca uptake, which over time appears to correlate with a positive effect on the biomechanical properties of trabecular bone.
Introduction
Calcium (Ca) is essential not only for calcified tissue formation, but also for muscle contraction, exocrine secretion, regulation of enzyme activity, excitability and permeability of the plasma membrane, neurotransmission and signal transduction pathways. Ca homeostasis is regulated by changes in Ca absorption, bone remodeling and urinary Ca excretion, which are subject to hormonal regulation by parathyroid hormone, calcitonin and vitamin D [1] . In humans, net Ca absorption is not higher than 500-600 mg/day, even when Ca intake goes above 1000 mg/day [2] . A similar situation has been observed in rats [3] , and a minute-to-minute regulatory mechanism of Ca uptake dependent of Ca luminal concentration by intestinal alkaline phosphatase (IAP) activity has been proposed [4] .
IAP is a brush border enzyme that controls a rate-limiting step in fatty acid absorption in the gut through a yet unclear mechanism [5] , and is crucial for the maintenance of the gut microbiota and gut barrier function via its ability to hydrolyze ATP and bacterial lipopolysaccharides (LPS), two potent pro-inflammatory molecules [6, 7] . Two genes have been described in the rat that encode distinct IAP isozymes: IAP I located along the whole intestine and IAP II, whose expression is restricted to the duodenum [8] . In mice, three genes are expressed in the gut: Akp3 in the duodenum; Akp5 along the entire length of the gut and Akp6 with higher expression in the distal gut [9] . Previous studies have shown a relationship between IAP activity and Ca absorption [10] [11] [12] , and a stimulating effect of Ca on the activity of IAP in the rat duodenum was observed [3] . In vivo, the inhibition of IAP with l-phenyalanine (Phe) increases the percentage of Ca absorption. This fact is more evident in rats that are fed with a low-Ca 1 3 diet [3] . Also, it has been demonstrated that IAP modifies the luminal pH as a function of enzyme concentration and Ca luminal content [4] . In addition, a decrease in pH occurred simultaneously with a decrease in Ca absorption [4] . This decrease in pH mediated by IAP activity as a function of Ca luminal content would inhibit the TRPV6 channels [13] [14] [15] . Therefore, a role of IAP in the regulation of intestinal Ca absorption by luminal Ca content is hypothesized in which IAP would provide a protective mechanism to inhibit high Ca entry into enterocytes. Here, we tested the hypothesis that mice null for duodenal IAP would display constitutively high Ca absorption and better bone properties.
Materials and methods

Animals
Four-month-old female C57BL/6 control mice (WT, n = 7) and sibling duodenal alkaline phosphatase knockout mice (Akp3 −/− ) [5] (KO, n = 10) were used. Mice were housed in a room with 12-h light and dark periods, and constant temperature of 24 ± 1 °C. The body weight and food intake were recorded weekly. All the experiments were conducted in accordance with international guidelines for animal care [16] and have been approved by the Bioethics Committee of School of Medicine, Rosario National University, Argentina. Animals were fed according to American Institute of Nutrition recommendations [17] .
In vivo Ca absorption, calcemia and phosphatemia determinations
The animals were placed in individual metabolic cages for 24 h. Urine and feces were collected and the amount of food eaten was measured. The amount of Ca in food, feces and urine were determined by atomic absorption spectroscopy (Arolab MK II, Buenos Aires, Argentina). Calciuria and 24-h urinary volume were used to calculate 24-h urinary Ca excretion (mg/24-h). The 24-h Ca intake and 24-h fecal Ca were calculated. The net Ca absorption for each animal was calculated as 24-h Ca intake-24 h fecal Ca and the Ca retention was calculated as 24-h Ca intake-24-h fecal Ca-24-h urinary Ca excretion [3] .
In addition, calcemia (mg/dl) and phosphatemia (mg/ dl) were spectrophotometrically measured on a Perkin Elmer Lambda 11 (Perkin Elmer Corporation Norwalk, CT, USA) with commercial kits (Ca Color and Fosfatemia UV, Wiener Lab, Rosario, Argentina).
Ca absorption in isolated duodenal loops
WT and KO mice were anesthetized intraperitoneally with urethane (120 mg/100 g body weight) and kept in thermostated stretchers. During the experiment, the room temperature was maintained between 21 and 22 °C and the animal body temperature at 35 ± 1 °C. Two centimeters of the duodenum distal to the pylorus were isolated and a catheter was placed at the distal end [18] . Two hundred µl of filling solution (1 mM Tris, 1 mM MgCl 2 , 160 mM glucose, 50 mM Ca, pH 9) were introduced in the isolated duodenal loop through the catheter. Samples of the duodenum filling solution were obtained immediately after filling (t = 0) and after 20 min of incubation. The difference between Ca in filling solution at t = 0 and after 20 min was used to calculate the percentage of Ca absorption. The Ca concentration was measured by atomic absorption spectroscopy (Arolab MK II, Buenos Aires, Argentina).
Duodenal histomorphometry
Samples of duodenum were fixed in 10% phosphate buffered formaldehyde before paraffin embedding. Five-μm longitudinal sections were cut and 4 sections per mouse (WT, n = 7 and KO, n = 10) were stained with hematoxylin and eosin to be analyzed. The slides were examined by a pathologist using a light microscope (Mikoba 320, China) to evaluate the morphological characteristics of duodenal epithelium. In addition, digital images (200-600×) were obtained (Olympus SP-350, China) and a histomorphometry analysis of duodenal villus and crypts were performed with Image J 1.48 software (NIH, Maryland, USA). In each slide, all villi that appear cut along the long axis of villi were measured. On each duodenal villus, the height, the diameter and the perimeter were determined. Also, the total perimeter of the whole duodenal villus in each slide was measured. On each duodenal crypt, the diameter, the area of the crypts, the area of cells and the height of the crypts cells were measured.
Bone analysis
BMD, morphometry and histomorphometry
Bone mineral density (BMD, mg Ca/cm 2 ) was determined on left tibias using X-ray absorption measurement (Work Ray 70 kV, Workman SRL, Argentina) simultaneously with an aluminum step wedge, which was previously calibrated with known Ca concentrations [19] . The BMD was determined at the same anatomical location later used for histomorphometric measurements with Image J 1.48 software.
For morphometric analysis of bone, X-ray images were used. Total length (mm), total diameter (mm) and cortical bone thickness (mm) at mid-diaphysis were measured with Image J 1.48 software.
The proximal epiphysis of the right tibias were fixed in 10% phosphate buffered formaldehyde and decalcified in 10% EDTA before paraffin embedding. Five-μm longitudinal sections were stained with hematoxylin and eosin and slides were examined using a light microscope (Mikoba 320, China). Digital images were obtained at 100× magnification (Olympus SP-350, China). Analyses were performed in a 0.6 mm 2 area at 0.1 mm from the growth plate metaphyseal junction. The following measurements were performed with Image J 1.48 software as described by Parfitt et al. [20] : (1) [19, 21] . The higher ICI, R and NDX and the lower NTm indicates more connectivity among trabeculas.
Mechanical testing
Femurs were stored at −20 °C wrapped in saline soaked gauze until tested, and were thawed at 37 °C. Cortical bone strength at the femoral mid-diaphysis was determined using a three-point bending test [22] . The two-bar distance for the three-point bending test was 7 mm. In addition, femoral neck fracture was carried out to evaluate trabecular bone. The femur, cut at 1 cm from the proximal diaphysis, was placed in stable three-point (diaphysis, femoral head and greater trochanter) in contact with a flat surface [23] and the fracture was performed with a flat surface of 7.07 mm 2 . Mechanical testing was performed on a machine with a 300 N load cell with 0.01 Newton of discrimination and an accuracy of 10 µm in displacements. For both tests, the speed, which was 0.01 mm/s, was monitored with a computer. Load vs. displacement plots were recorded by software Biomedical Data Acquisition Suite 1.0 (Argentina, 2011). The software data acquisition rate was 10 Hz. Ultimate load (N) was defined as the highest load and the fracture load (N) was recorded just before the first decline in load. The stiffness (N/mm) was determined as the slope of the linear portion of the load vs. displacement curve. Absorbed energy (mJ) was defined as the area under the curve until the fracture load point.
Statistical analysis
Data were expressed as mean ± SEM. Student's t test was performed to compare WT and KO mice. Differences were considered significant if p < 0.05. Statistical analyses were performed using the software R 3.2.2 [24] .
Results
In vivo Ca absorption, calcium and phosphate in serum
No significant differences between groups were found in serum Ca and phosphate. No statistical difference was found in urinary calcium, net Ca absorption or Ca retention (Table 1) .
Duodenal morphological analysis
WT mice showed that villi are regular to each other, thin and elongated, covered by a single layer of epithelium, with a villous to crypt ratio ~ 4:1. The lamina propria shows a regular amount of cells (Fig. 2, left) . On the other hand, in KO mice, villi showed mild atrophy, with a slight Fig. 1 Diagram of the skeletonized trabecular structure used in connectivity parameters measurement. The rectangle corresponds to a 0.6 mm 2 area at 0.1 mm from growth plate metaphyseal junction, the same anatomical location used for histomorphometric measurements decrease in height and widening (Fig. 2, right) . The lamina propria exhibited poor cellularity. Crypts showed no differences between groups.
According to histopathological analysis, a significant increase in villous diameter and a reduced villous height and perimeter were found in KO mice compared to WT mice. In addition, a diminished total perimeter was observed in KO mice (Table 2) corresponding to a decrease in surface epithelium in which the Ca absorption occurs. Histomorphometric analysis of the crypts showed no significant difference between the two groups ( Table 2) .
Ca absorption in isolated duodenal loops
Although no significant differences between groups was found, a higher percentage of Ca absorption was observed in KO mice (WT = 31.47 ± 6.05%, KO = 42.85 ± 8.22%; p > 0.05) compared to WT controls. When the Ca absorption data were corrected for the absorptive surface according to duodenal morphological analysis, a significantly higher percentage of Ca absorption was found in KO mice (16.17 ± 3.10%) compared to WT mice (8.89 ± 1.71%) (Fig. 3 , Student's t test, p < 0.05). The core of lamina propria is colonized specially with many immunocompetent cells. Right: In KO mice, villi presented shorter and broader, with a normal epithelium 11.9 ± 0.6 11.6 ± 0.6
Fig. 3
Percentage of Ca uptake in WT (n = 7) and KO (n = 10) mice (*significant differences versus WT mice, p < 0.05)
BMD, morphometry and histomorphometry
The total length, total diameter and cortical bone thickness showed no significant difference (data not shown). The BMD showed no statistical differences between groups ( Table 3) . As BMD, the BV/TV showed no statistically significant difference but a substantial increase in both variables was observed in KO mice ( Table 3) .
The node-terminal ratio was significantly higher in the KO mice. Similarly but without reaching statistical significance due to the dispersion of data, the trabecular connectivity parameters ICI and NDX were found to be increased in the KO group. According to connectivity parameter data, the NTm-a disruption parameter-was found to be significantly lower in KO mice. Altogether, these results suggest better trabecular connectivity in KO mice (Table 3) .
Mechanical testing
The three point bending test-which evaluates cortical bone-showed no differences between groups (fracture load = WT: 19. On the other hand, the femoral neck fracture test showed significant differences between groups (Fig. 4.) : fracture load = WT: 20.66 ± 1.96 N, KO: 28.71 ± 1.69 N; ultimate load = WT: 20.67 ± 1.97 N, KO: 28.78 ± 1.69 N; and absorbed energy = WT: 3.61 ± 0.97 mJ, KO: 9.36 ± 1.37 mJ (Student's t test, p < 0.05).
No differences in body weight or food intake which could affect the bone parameters were observed (data not shown).
Discussion
Previous studies have proposed that IAP acts in the regulatory mechanism of intestinal Ca uptake [3, 4] . In vitro and in vivo experiments using the IAP inhibitor l-phenyalanine (Phe) demonstrated an increase in Ca absorption [3, 4] . Here we used mice null for duodenal IAP (Akp3 −/− mice) to assess the predicted increase in Ca absorption and expected changes in bone properties.
It has been previously demonstrated that higher Ca intake would be positive for bone metabolism. Retrospective studies in populations with different Ca intake (400-500 vs 900-1000 mg/day) throughout their lifetimes described a higher bone mass and a lower incidence of femoral and wrist fractures [25] . Studies in children have found a positive correlation between Ca intake and bone mass. The importance of Ca intake was also observed during childhood to obtain an adequate peak of bone mass [26] [27] [28] . Also, children with very low basal Ca intake (< 500 mg/day) who received extra Ca contribution showed a greater increase of BMD at the lumbar spine than controls [29, 30] . However, other authors have not found this correlation [31, 32] . This discrepancy may be partially due to the difficulty and heterogeneity of nutritional questionnaires and because the higher Ca intake comes from dairy products and, therefore, different caloric intakes could be implicated. However, the increased intake of dairy foods did not increase overall total or saturated fat 4 Biomechanical parameters of femoral neck fracture test in WT (n = 7) and KO (n = 10) mice (*significant differences versus WT mice, p < 0.05) intake and was not associated with excessive weight gain or increased body fat [27] . The mechanisms for a greater increase of bone mass with Ca supplementation in children and adolescents might involve the reduction of bone remodeling and stimulated osteoblasts synthesis through the increase in the production and secretion of insulin growth factor (IGF-1) [33] . Therefore, a higher Ca absorption may explain the improved biomechanical properties found in the trabecular bone of the 4-month-old KO mice used in this study. Despite higher values in KO mice in in vivo net Ca absorption and Ca retention and in Ca absorption in isolated duodenal loops, no statistical differences were found. However, when the Ca uptake was analyzed as a function of the absorption surface, the KO mice showed significantly higher Ca uptake compared to WT mice. Accordingly, more Ca would reach the bones in the long term, which could explain the improved biomechanical properties found in KO mice. Moreover, KO mice showed mild atrophy of the epithelium and the villi were shorter and wider, which causes a decrease in the absorption surface without differences in the crypts. Previously, a normal histomorphological appearance of the intestine between KO mice and control animals has been reported. However, no morphometric analyses were performed in the mentioned study [5] . As was proposed previously, IAP acts as a protective mechanism to inhibit the entry of high Ca content into enterocytes [4] , thus it can prevent an increase in intracellular Ca, which may cause cellular damage. The increase in intracellular Ca in mice devoid of IAP may be responsible for the atrophy of the epithelium found in this study. Another possible explanation for the epithelium atrophy could be an adaptive mechanism to avoid high Ca entry into enterocytes, preventing Ca overload.
Increased Ca uptake during growth in KO mice could be responsible for their better bone properties compared to WT mice. While no changes were found in cortical bone thickness or the three point bending test, improved trabecular properties were found in IAP KO mice. Despite no statistically significant differences, KO mice showed an increase of 27% in BMD and a similar increase in BV/ TV was observed. In addition, a significant increased in trabecular connectivity was found. The node-termini ratio was significantly higher in KO mice and the NTm-a disruption parameter-was significantly lower in KO mice. Although not reaching statistical significance due to the dispersion of data, NDX and ICI were higher in KO mice. In accord with better bone properties in KO mice, significantly higher trabecular biomechanical parameters (fracture load, ultimate load and absorbed energy) were observed after the femoral neck fracture test. Taken together these results showed better bone quality in IAP KO mice, which could be explained by the higher Ca uptake due to IAP deficiency according to the model previously reported [4] . Given that the naturally occurring aminoacid l-phenylalanine has long been known as an IAP inhibitor, an interesting relationship between high-meat protein intake and bone mass has also been described. High protein intake has been considered a risk factor for osteoporosis due to the increase in urinary Ca excretion resulting from the metabolic acidity of protein metabolism [34] . However, many epidemiological studies have shown that long-term high-protein intake increases BMD and reduces bone fracture incidence [35] . Also, lowprotein intake in young healthy women depressed intestinal Ca absorption and this effect was accompanied by elevations in parathyroid hormone [36] . Therefore, high-protein intake could provide high l-phenylalanine luminal concentration which could inhibit, at least in part, IAP activity. This would lead to increased Ca uptake as was demonstrated previously after IAP inhibition with l-phenylalanine [3, 4] , and here with mice null for duodenal IAP.
In conclusion, KO mice showed higher Ca uptake, which chronically appears to have a positive effect on trabecular bone properties. These results provide more evidence that IAP acts in Ca absorption regulation.
